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Abstract
The effect of impurity on the electrostatic microturbulence in ADITYA-U tokamak is assessed
using global gyrokinetic simulations. The realistic geometry and experimental profiles of the
ADITYA-U are used, before and after argon gas seeding, to perform the simulations. Before the
impurity seeding, the simulations show the existence of the trapped electron mode (TEM)
instability in three distinct regions on the radial-poloidal plane. The mode is identified by its
linear eigenmode structure and its characteristic propagation in the electron diamagnetic
direction. The simulations with Ar1+ impurity ions in the outer-core region show a significant
reduction in the turbulence and transport due to a reduction in the linear instability drive, with
respect to the case without impurity. A decrease in particle and heat transport in the outer-core
region modifies the plasma density profile measured after the impurity seeding. It, thus, results
in the stabilization of the TEM instability in the core region. Due to the reduced turbulence
activity, the electron and ion temperatures in the central region increase by about 10%.
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(Some figures may appear in colour only in the online journal)

1. Introduction

The tokamak configuration has proven to be the most success-
ful of the various magnetic confinement devices employed in
the study of controlled nuclear fusion and has inspired the
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construction of the largest experimental fusion reactor ITER
(International Thermonuclear Experimental Reactor) [1]. This
device which is presently under construction in Saint-Paul-lès-
Durance, France, aims to demonstrate the viability of nuclear
fusion as a long-term source of clean and unlimited energy.
The key milestone in a tokamak is to confine the shaped
plasma at a high temperature for sufficiently long to achieve
a net fusion energy gain. Apart from its design complexit-
ies various processes make it hard to achieve. These pro-
cesses include plasma instabilities, heat load at the plasma-
facing components, edge localized modes (ELMs), disrup-
tions, etc [2, 3]. Among these, the anomalous transport due
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to small-scale instabilities called micro-instabilities is found
to be one of the major causes of the loss of particle and
heat fluxes from the plasma core [4]. Decades of experi-
mental, theoretical, and computational work have helped to
improve our understanding of such microturbulence-induced
transport. Various schemes are being devised and tested to
control the electrostatic microturbulence arising from ion tem-
perature gradient (ITG) and trapped electron mode (TEM)
and concomitantly reducing the induced anomalous transport.
For example, the impurity seeding experiments in axisym-
metric tokamaks [5, 6] and non-axisymmetric stellarators
[7, 8] have shown encouraging results in reducing turbulent
transport.

In general, impurities are unavoidable in fusion reactors and
can affect the device’s performance in several ways. In simple
terms, the presence of impurity ions leads to the dilution of
the fusion fuel and reduces the number of useful fusion reac-
tions. In addition, an excess amount of impurities can lead to
the degradation of the plasma confinement due to the radiative
collapse [9, 10]. However, a controlled injection of impurities
in specific regions can be advantageous. For example, the gas
puffing in the edge of tokamak enables the reduction in heat
loads on the diverter or limiter plates [11] and also allows the
mitigation of disruptions [12]. Importantly, impurity seeding
can improve plasma confinement by reducing turbulent fluc-
tuations and transport. In such scenarios, the impurity seeding
can reduce the turbulent fluctuations due to the excitation of
the radiative improved mode [13] or an enhanced E⃗× B⃗ shear
[5]. For example, neon gas injection experiments in DIII-D
have shown reduced ITG-driven turbulent fluctuations due to
an increased E⃗× B⃗ shear [5]. Recently, boron powder injec-
tion experiments in LHD have shown a substantial increase in
the plasma confinement, stored energy, and electron and ion
temperatures, with the simultaneous reduction in the turbulent
fluctuations [8]. Very recently, impurity seeding studies in H-
mode plasma discharges of EAST tokamak have shown a sig-
nificant increase in the ion temperature due to the increased
toroidal rotation, which increases the E⃗× B⃗ shear, and hence
reduces the turbulence [6]. Similarly, the impurity-induced
increase in the plasma temperature has been observed in sev-
eral other magnetic fusion reactors such as JET [14], JT-60U
[15], HL-2A [16], W7-X [7], ASDEX-U [17, 18], WEST [19],
Alcator-C Mod [20]. In ADITYA-U tokamak, the impurity
seeding experiments have also gained considerable attention,
showing an increased central plasma temperature with a reduc-
tion in the outer-core or edge fluctuations [21]. In addition
to such experiments, ADITYA-U has also made a significant
contribution towards understanding the transport due to the
runaway electrons [22, 23], plasma detachment [23], plasma
disruptions [22, 23], cold pulse propagation [23–25], etc which
are essential for the major long-term goals of the future fusion
reactors such as ITER.

The numerical simulations have been performed in
ADITYA-U using the fluid-based model to study the impur-
ity transport in the presence of plasma turbulence [26–28].
However, the turbulent fluctuations in fusion plasma cover
a broad range of spatial scales which includes the scales

smaller than the ion gyro radius [4]. Furthermore, it is cru-
cial to include the resonant interaction of waves and particles,
and the finite orbit effects in the model [29, 30]. Therefore,
a detailed understanding of the underlying mechanisms
behind the impurity-induced turbulence reduction requires
a microscopic-level dynamical study of the plasma in realistic
experimental scenarios. To this end, high-fidelity gyrokin-
etic simulations of magnetic fusion devices have proven to
be an invaluable tool in studying transport induced by low
frequency microturbulence [31]. For example, recently, the
gyrokinetic toroidal code (GTC) has been used to validate
the boron powder injection experiment in LHD [32] where
the improved plasma confinement is observed [8]. Here, GTC
is a Lagrangian approach-based particle-in-cell (PIC) code
developed to study the transport due to microturbulence [33],
Alfvén eigenmodes [34], radio frequency waves [35], and
the energetic particles [36]. Recently, GTC has been used to
perform the first global gyrokinetic simulations of the electro-
static microturbulence in ADITYA-U [37].

In this paper, we extend the earlier global gyrokinetic sim-
ulations to study the effect of impurities on the electrostatic
microturbulence in ADITYA-U tokamak to understand the
experimental results obtained using argon injection. The dis-
charge #34528 is analyzed using GTC. During the plasma dis-
charge, the argon gas is seeded from the outer-core region,
due to which the fluctuations in that region are reduced, which
leads to the increase in the central electron and ion temper-
atures and plasma density by ∼10%. ADITYA-U’s realistic
geometry and plasma profiles are used for the gyrokinetic ana-
lysis before and after argon gas seeding. The linear phase of
the simulations shows the turbulence activity in three distinct
regions on the radial-poloidal plane: innermost, intermediate,
and near the edge or outer-core regions. The instability is iden-
tified as the TEM based on the linear eigenmode structure loc-
alized on the outer midplane side where the curvature is unfa-
vorable and its propagation in the electron diamagnetic direc-
tion. Both before and after argon seeding, TEM in the inner
regions represents the reactive instability based on |ω/γ|< 1,
however, in the outer regions |ω/γ|> 1. Nonlinear simula-
tions show the turbulence spreading away from the location
of the linear eigenmode structure, thus, showing the radially
global nature of the turbulence. In addition, the self-generated
zonal flow is found to play a crucial role in regulating the
transport due to TEM. Linear eigenmode corresponding to the
TEM instability near the edge is thinner than that of the rest of
the regions, whose linear growth rate and the nonlinear trans-
port are considerably reduced after taking into account Ar1+

as the impurity ions in the gyrokinetic simulations, in addi-
tion to the thermal ions and electrons, representing the bulk
plasma. This is reflected in the plasma profile at a later instant
after the gas seeding, which increases the plasma density. In
addition, the plasma density profile flattens in the core region
due to the increased confinement. This leads to the stabiliz-
ation of TEM in the innermost region due to the vanishing
of the density gradient acting as a primary drive for TEM.
Furthermore, the scan of the concentration of Ar1+ ions in
the outermost region shows that the TEM growth rate and

2



Nucl. Fusion 64 (2024) 086038 T. Singh et al

nonlinear transport decrease almost linearly with the increase
in the Ar1+ concentration. The simulations suggest that the
impurity-induced reduced radial flux of heat and particles in
the outer-core region followed by the stabilization of TEM
in the innermost region due to the flattening of the electron
density profile leads to an increase in plasma temperature by
∼10%.

The remainder of the paper is organized as follows: in
section 2 the argon gas seeding experiment in ADITYA-U
tokamak is described. Section 3 describes the model equations
implemented in GTC, section 4 discusses the microturbulence
simulations, and the conclusions are made in section 5.

2. Gas seeding experiment in ADITYA-U

This section briefly describes the argon seeding experi-
ment performed in ADITYA-U tokamak [21]. ADITYA-U
is a medium-sized, air-core tokamak with an ohmic plasma
obtained in a circular limiter configuration with minor and
major radii of 0.25m and 0.75m, respectively. The plasma
discharges correspond to the proton and electron plasma with
an effective charge of Zeff = 2.5. Such discharges exhibit
the plasma current of ∼100–250 kA and duration of ∼100–
350ms. During the current flat-top phase of the plasma cur-
rent in the discharge #34528, the argon gas is seeded (injec-
ted) from the bottom port, located in the low field side of the
tokamak. The chord average electron density in the center is
∼2× 1019 m−3. The electron temperature is∼450 eV and 500
eV, before and after argon gas seeding, respectively. The on-
axis ion temperature is assumed to be one-third of the electron
temperature [37], and near the edge, electron and ion temperat-
ures are considered the same. The form of the ion temperature
profile is assumed to be the same as that of the electron tem-
perature profile. The plasma profile and turbulent fluctuations
are measured using various diagnostics before and after gas
injection. The typical time difference between these two sets
of measurements is∼20ms, and the time duration of the argon
gas pulse is ∼2ms. The edge plasma region is thoroughly
diagnosed with several Langmuir probes. Experiments show
an increased plasma confinement due to reduced fluctuations
after argon seeding. More details about the experiment and
measurements can be found in [21]. Figure 1 shows the plasma
profile before (dashed lines) and after (solid lines) argon seed-
ing. The plasma temperature and total density increase by
about 10% due to improved plasma confinement after argon
seeding. Figure 2 shows the normalized plasma profile gradi-
ent and the safety factor profile (scaled with the y-axis on the
right). In the figure, 1/LX =−∂lnX

∂r is the inverse gradient scale
length, where r is the local minor radius.

3. Model equations

This section describes the equations modeled in GTC [38]
for the global gyrokinetic simulations of microturbulence with
impurities in the electrostatic and collisionless limit. GTC
makes use of a field-aligned mesh to represent the quantities

such as density and potential, being one of the prominent fea-
tures of GTC. It is advantageous for the computational and
numerical efficiency of the simulations without constraining
the geometry. In addition, due to the anisotropic nature of
microturbulence, k∥ << k⊥, in the directions parallel and per-
pendicular to the magnetic field, it requires fewer grid points
in the parallel direction than the grid points in the radial and
poloidal directions, further reducing the computational cost of
the simulations. The dynamics of thermal and impurity ions in
the inhomogeneous magnetic field is described by the follow-
ing gyrokinetic Vlasov equation(

∂t+
˙⃗X ·∇+ v̇∥∂v∥

)
fα
(
X⃗,µ,v∥, t

)
= 0, (1)

where

˙⃗X= v∥b̂+ v⃗E+ v⃗d, (2)

and

v̇∥ =− 1
mα

B⃗∗

B
· (µα∇B+Zα∇ϕ) , (3)

where fα = fα(X⃗,µ,v∥, t) is the particle distribution function,
X⃗ represents the guiding center position of the particle, µα is
the magnetic moment, v∥ is the particle velocity parallel to
the magnetic field. The thermal and impurity ions are denoted
by α= i,z, respectively, v⃗E is the E⃗× B⃗ drift, v⃗d comprises
the drifts due to curvature and gradient in magnetic field. Zα,
mα are the charge and mass of the particle, Ωα is the gyro-

frequency of the particle. B⃗∗ = B⃗+Bv∥/Ωα

(
∇× b̂

)
is the

equilibrium magnetic field at the guiding center position of
the particle, B is the equilibrium magnetic field at the particle
position, b̂= B⃗/B is the unit vector along the magnetic field.
ϕ is the electrostatic potential comprising the perturbed elec-
trostatic non-zonal potential δϕ, and the electrostatic potential
due to zonal flow ϕZF, i.e. ϕ = δϕ+ϕZF.

To reduce the noise due to Monte Carlo sampling of marker
particles, a low noise δf method [39] is used in GTC. In
this method, the distribution function is written as the sum
of an equilibrium part and a fluctuating part, fα = f0α + δfα.
The equilibrium part of the particle distribution satisfies the
Vlasov equation, and the fluctuating part evolves with time.
Further, the particle weight wα = δfα/fα is introduced as an
additional dynamical variable. The following equation repres-
ents the weight corresponding to the ion species

dwα

dt
= (1−wα)

[
−v⃗E.

∇f0α
f0α

+
Zα
mα

B⃗∗

B
.∇ϕ 1

f0α

∂f0α
∂v∥

]
. (4)

A kinetic treatment of the electrons is crucial to pre-
cisely describe the electrons in the gyrokinetic framework.
However, the electron parallel Courant condition [40] and
high frequency oscillations due to ωH mode [41] impose dif-
ficulties on the drift-kinetic treatment of electrons. To cir-
cumvent these obstructions, a fluid-kinetic hybrid model [42]
has been implemented in GTC which has been used earlier
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Figure 1. The plasma profile for ADITYA-U discharge #34528, before (dashed lines) and after (sold lines) argon gas seeding: (a) The
electron (blue) and ion (red) temperature profiles, and (b) the electron density profile. After gas seeding the plasma profiles change, with
∼10% increase in the central ion and electron temperatures, and the total plasma density.

Figure 2. The radial variation of the gradient in plasma profile in
the normalized units before (dashed lines) and after (solid lines) gas
seeding. The safety factor profile q is presented by magenta lines
scaled with the y-axis on the right.

to simulate the micro-instabilities in LHD [32, 43], W7-X
[44] stellarators, and tokamak [37]. In this model, the elec-
tron distribution function is written as a sum of adiabatic and
non-adiabatic parts, fe = f0eeϕ/Te + δge. To the lowest order,
the electron response is adiabatic and non-adiabatic parts rep-
resent the higher order response. The electron weight we =
δge/fα satisfies

dwe

dt
=

(
1− eδϕ (0)

Te
−we

)[
− v⃗E ·∇ lnf0e|v⊥

− ∂

∂t

(
eδϕ(0)

Te

)
− (⃗vd+ δ⃗vE) ·∇

(
eϕ
Te

)]
, (5)

where δ⃗vE = (c/B∗)b̂×∇δϕ, and v⊥ is held fixed while writ-
ing the gradient operator on lnfe0 inside the square brackets
on the right-hand side. Some approximations are used while
writing equation (5). For example, the exact perturbed poten-
tial δϕ on the right-hand side is approximated by the lowest
order solution δϕ(0), the equilibrium pressure gradient scale
length is assumed to be much longer than the perturbation
scale length, and the wavelength of the electrostatic fluctu-
ations is also assumed to be much longer than the electron
gyro-radius. Following gyrokinetic Poisson equation gives the
electrostatic potential

∑
α=i,z

Z2αn0α
Tα

(
ϕ − ϕ̃α

)
+
e2n0e
Te

ϕ

= (Ziδn̄i +Zzδn̄z− eδne,kinetic) ,

(6)

where the first term on the left-hand side is the ion polariza-
tion density [41] due to each of the ion species, n0e is the equi-
librium electron density, δne,kinetic is the non-adiabatic part of
the electron density at the guiding center, ϕ̃α is the second
gyro-averaged electrostatic potential. The detailed procedure
to solve the gyrokinetic Poisson equation can be found in
earlier work using GTC (see [43]).

In the following section, as a first step, only the electrostatic
gyrokinetic simulations of microturbulence are presented in
ADITYA-U using GTC. Electromagnetic effects can affect the
turbulent transport. For example, it is shown by gyrokinetic
simulations that the electromagnetic effects can lead to the sta-
bilization of ITG turbulence and, at high β values, can also
cause a transition from ITG mode to kinetic ballooning mode
(KBM) [45]. However, the electromagnetic effects may not be
crucial for TEM [46–48]. Furthermore, the collisions between
the plasma species are not considered in this work. However,
the collisions between the plasma species can substantially
affect the turbulence and transport. Collisions in plasma can
affect turbulence and transport by changing the linear instabil-
ity drive or affect the coherent phase space structures. In toka-
maks, it has been investigated that the collisional effects can
decrease the growth rate of ITG mode, lead to the stabiliza-
tion of TEM turbulence, or cause a transition from TEM to
ITG turbulence [49–51]. Recent electrostatic gyrokinetic sim-
ulations of microturbulence in ADITYA-U have shown that
the collisions can reduce the linear growth rate of the TEM
instability and nonlinear transport to a certain extent [37].
Given this, it would be important in the future to perform the
electromagnetic global gyrokinetic simulations of microturbu-
lence in ADITYA-U while retaining the collisional effects.

4. Microturbulence simulations

This section presents the gradient-driven global gyrokinetic
simulations of microturbulence for the discharge #34528 of
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ADITYA-U tokamak with argon gas seeding described in
section 2, performed using GTC. The realistic equilibrium of
ADITYA-U, generated using IPREQ code [52], is used for the
GTC global simulations before and after argon gas seeding.
The plasma profiles described in section 2 are used to ana-
lyze the argon seeding experiment in ADITYA-U before and
after the gas seeding. In the simulations, both the passing and
trapped electrons are used. The time step size used in the sim-
ulations is 0.01R0/Cs, where Cs =

√
Te/mi represents the ion

sound speed and R0 represents the major radius. The num-
ber of electron subcycles used in the simulations is kept at
2, and 50 marker particles are used per cell. The gyrokin-
etic analysis is performed in the radial domain r ∈ [0.27,1.0]a,
which translates to ψ ∈ [0.1,1.0]ψX in the flux coordinates,
where a is the minor radius and ψX is the magnetic flux at
the last closed flux surface. The region close to the mag-
netic axis [0,0.1]ψX is omitted from the simulations as the
plasma profile is flat (see figure 1) and thus the profile gradi-
ents are vanishingly small there (see figure 2). Such a choice
of the simulation domain is further strengthened by the fol-
lowing discussion in this section. The radial domain is further
divided into three annulus regions, with ψI ∈ [0.1,0.49]ψX,
ψII ∈ [0.49,0.90]ψX, andψIII ∈ [0.9,1.0]ψX to well-resolve the
instabilities. The value of ρ∗ = ρs/a is approximately 0.01 for
both cases, where ρs = c

√
miTe/ZiB. The value of Cs/R0 is

2.74× 105 s−1 and 2.94× 105 s−1 before and after argon gas
seeding, respectively.

The non-uniform plasma profile and steep profile gradients
at the plasma boundary can excite micro-instabilities. For the
analysis of these instabilities in ADITYA-U for the gas seed-
ing experiment, the convergence test is performed to optimize
the turbulence mesh used in GTC simulations. For the case
before gas seeding, the simulation domains consist of 150 flux
surfaces, 3000 poloidal grid points in the innermost region,
120 flux surfaces, 3000 poloidal grid points in the intermediate
region, and 30 flux surfaces, 4000 poloidal grid points in the
outermost region. After gas seeding, the simulation domains
consist of 200 flux surfaces, 3000 poloidal grid points in the
inner region, and 30 flux surfaces, 4000 poloidal grid points
in the outer region. For all the cases, 32 grid points in the par-
allel direction are used. The number of poloidal grid points is
given on the reference flux surface where the mode diagnosis
is performed.

Figure 3 shows the contour plot of the electrostatic poten-
tial on the poloidal plane in the linear phase of the nonlinear
simulations before (3a, 3b) and after (3c, 3d) argon seeding.
In all three regions, the instability is identified as TEM, based
on the linear eigenmode structure, which is dominant on the
outer midplane side where the curvature is unfavorable and
its propagation in the electron diamagnetic direction. In the
figure, the black solid curves represent the simulation domain,
which is divided into three annulus domains, which are rep-
resented by the black dashed curves. The amplitudes of the
electrostatic potential are normalized with the maximum val-
ues in each of the annulus regions. In contrast to the case before
argon seeding, there is no unstable instability in the inner-
most region ψI ∈ [0.10,0.49]ψX. This is due to the flat elec-
tron density profile and the small temperature gradient for the

case after gas seeding. In the outermost region, a large drive
(profile gradient) excites the TEM instability which is consist-
ent with the earlier gyrokinetic simulations of microturbulence
in ADITYA-U using GTC [37]. It is worth mentioning that the
TEM discussed in this work is collisionless trapped electron
mode (CTEM), though the previously performed gyrokinetic
simulations of TEM in ADITYA-U show that the collision can
reduce turbulence and associated transport to a certain extent
[37]. However, the collisions can have a destabilizing effect
on the dissipative trapped electron mode (DTEM) [53] as has
been found in the pedestal of HL-2A [54] and EAST [55].

Thorough diagnoses are made to study the properties of
the TEM instability in the individual regions for both cases.
These results are described in table 1. There is no instabil-
ity in the innermost region (I) after gas seeding. For both the
cases before and after argon seeding, the TEM in the inner
regions (I and II) satisfies |ω/γ|< 1, which is characteristic
of the reactive instability [56], however, for the outer region
(III) |ω/γ|> 1.

For the nonlinear simulations, the same numerical resolu-
tion and input parameters are used as has been used in the lin-
ear simulations. After the exponential growth of the instability
during the linear phase of the simulations, the turbulence satur-
ates in the nonlinear phase of the simulations due to the nonlin-
ear interaction of various poloidal and toroidal modes and also
due to the coupling with the self-generated zonal flow (n= 0,
m= 0). In the nonlinear simulations, all themodes are kept that
are present in the linear phase. In the nonlinear phase of the
simulations, the electrostatic potential on the poloidal plane is
shown in figure 4, where the upper and lower panels repres-
ent the cases before and after argon gas seeding. The enlarged
view of the turbulence structure is shown in figures 4(b) and
(d), before and after gas seeding, respectively. The electro-
static potential is normalized by Te/e. In the nonlinear phase,
the turbulence spreads away from the location of the linear
eigenmode. This illustrates the global nature of the turbulence
in linking the turbulence and transport with the plasma pro-
file gradient throughout the radial domain. In the nonlinear
phase, due to the nonlinear mode coupling, energy transfers
from higher wave number fluctuations to the lower ones. The
frequency spectrum is broad in the nonlinear phase with the
fluctuations over the range ∼[0,100] kHz. Similarly, the wave
number spectrum spans the range kθ ∼ [0,0.1] mm−1. These
results are also similar to the earlier investigations made in
ADITYA-U [37].

GTC also provides the transport coefficients of heat and
particle fluxes for the plasma species. Table 2 represents these
values for all the simulation cases estimated using the time-
average performed in the nonlinear steady state. The differ-
ent values of diffusivities and conductivities in each region
are attributed to the different instability drives due to the dif-
ferent profile gradients, which affect the transport levels in
the nonlinear saturation. It is important to note that there is
no turbulence-driven transport in the innermost region for
the case after gas seeding due to the stabilization of the
TEM instability. However, the values of some of the trans-
port coefficients are increased slightly in the other two regions.
Therefore, the stabilization of TEM in region I comes at the
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Figure 3. The contour plots of the electrostatic potential on the poloidal plane in the linear phase of the simulations before (a), (b) and after
(c), (d) gas seeding. The electrostatic potential is normalized with the maximum values. In (a) and (c), the solid lines dictate the simulation
boundaries which are further divided into three domains separated by the dashed lines to resolve the instabilities. The enlarged views of the
linear eigenmode structures in the outer-core regions both before and after gas seeding are shown in (b) and (d), respectively. For all the
cases, the dominant instability is TEM.

Table 1. Results of the linear simulations performed in the three regions for the cases before and after gas seeding. The flux surface at which
the diagnosis is made is represented as ψd, rd is the corresponding value in the radial domain measured on the outboard side, m and n are the
dominant mode numbers in the poloidal and toroidal directions with growth rate γ and frequency ω represented in the units of Cs/R0, and kθ
represents the poloidal wave number. The frequency is also represented in kHz in the square brackets. The ‘dashes’ in the first row for the
case after gas seeding represent the absence of instability.

Before case

Region ψd/ψX rd/a m n γR0/Cs ωR0/Cs [kHz] kθ (mm−1)

I 0.26 0.45 69 46 1.46 1.25 [55] 0.13
II 0.76 0.83 237 96 2.12 1.50 [65] 0.14
III ∼ 1 ∼ 1 564 145 1.72 3.95 [173] 0.17

After case

Region ψd/ψX rd/a m n γR0/Cs ωR0/Cs [kHz] kθ (mm−1)

I — — — — — — —
II 0.7 0.78 215 97 2.23 1.67 [78] 0.15
III ∼ 1 ∼ 1 536 135 2.33 4.42 [207] 0.16
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Figure 4. The contour plots of the electrostatic potential on the poloidal plane in the nonlinear phase of the simulations before (a), (b) and
after (c), (d) gas seeding. The electrostatic potential is normalized by Te/e. Following the linear phase of the simulations as shown in
figure 3, in the nonlinear phase, the turbulence spread away from the region of linear eigenmode structure and thus indicates the global
nature of the turbulence. The enlarged views of the turbulent eddies before and after gas seeding are shown in (b) and (d), respectively.

Table 2. The volume averaged values of the transport coefficients from the nonlinear simulations in the three regions for the cases before
and after gas seeding. The heat conductivity (χ) and diffusivity (D) values for the electrons and ions are presented in m2 s−1. The ‘dashes’ in
the first row for the case after gas seeding represents the absence of turbulence-driven transport.

Before case

Region χi χe Di De

I 1.6 1.1 0.6 0.6
II 1.6 2.1 0.5 0.5
III 1.1 1.5 0.5 0.5

After case

Region χi χe Di De

I — — — —
II 2.5 2.3 0.9 0.9
III 1.5 2.0 0.5 0.5
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Figure 5. Time history of the root-mean-squared electrostatic potential δϕRMS before (dashed lines) and after (solid lines) argon gas
seeding, with (blue lines) and without (red lines) zonal flow, on the flux surface with ψ = 0.69ψX.

expense of increased transport in regions II and III. It is worth
mentioning that in the experiments only a single argon-puff
pulse is introduced (instead of a continuous train of pulses)
during the discharge (see figure 2 of [21]). This single pulse
changes the plasma profiles and redistributes the transport in
the entire radial domain. However, to maintain the state with a
modified profile, it would be necessary to introduce the argon
continuously as is done in other studies [6, 8].

To study the role of zonal flow in regulating the transport
due to TEM, the gyrokinetic simulations are performed by arti-
ficially suppressing the zonal flow. Figure 5 shows the time
history of the root-mean-squared electrostatic potential δϕRMS

on the flux surface with ψ = 0.69ψX, for the cases before
(dashed lines) and after (solid lines) argon gas seeding, with
(blue lines) and without (red lines) zonal flow. The zonal flow
plays a vital role in regulating the turbulent transport due to
the TEM. Zonal flow suppresses the turbulent fluctuations by
∼70% and∼ 16% for the cases before and after argon seeding.
Also, it is crucial to note that the zonal flow is stronger before
the gas seeding than after. The role of zonal flow in regulat-
ing the turbulent transport due to ITG and TEM turbulence
has been extensively studied [57, 58]. Zonal flow affects the
microturbulent transport due to the E⃗× B⃗ shear which breaks
the turbulent eddies into finer eddies. It is known that the zonal
flow plays a crucial role in regulating the transport due to ITG
turbulence [59, 60]. However, in the case of TEM turbulence,
the zonal flow usually has a weaker effect. In addition, the reg-
ulation of TEM transport due to the zonal flow depends upon
the parameters such as the electron to ion temperature ratio,
magnetic shear, the ratio of electron temperature gradient to
density gradient, and electron temperature gradient [61–66].

To understand the changes in the turbulence and transport
caused by the different plasma profiles before and after argon
injection, a situation is considered with the initial plasma pro-
file, i.e. the case before argon injection, on the top of which
the argon gas is introduced from the outer-core region. The
gas diffuses inside the plasma and depending upon the radial
variation of the bulk plasma temperature, argon gas ionizes
to different charge states, which can be represented as Ars+,
where s represents the ionization state of the Ar atoms, ranging

from 1 to 18. An estimate of the concentration of the individual
charge states is difficult due to the occurrence of various reac-
tions with different cross-sections. The background plasma
temperature in the outer-core region is ∼12–15 eV, therefore,
there is a considerable accumulation of Ar1+ ions in this
region, and the other charge states of argon have much lesser
concentration. After the argon injection in the ADITYA-U
tokamak, the radial profile of Ar1+ spectral lines are measured
[21, 67]. It has been observed that the Ar1+ is mostly located
in the edge plasma region. The total concentration of Ar1+ is
estimated using the STRAHL code incorporating the meas-
ured Ar1+ spectral lines. It is important to note that the con-
centration of higher charge states of argon in the core is larger
than that of Ar1+ ions in the outer-core. However, the dens-
ity of the bulk plasma is much larger in the core than in the
outer-core region (see figure 1(b)). Therefore, the dilution of
the thermal ions by the Ar1+ ions in the outer-core region is
more pronounced than that of the higher charge states in the
core, thus, is more relevant to see a noticeable effect on the
turbulence. Also, the recent simulation studies in ADITYA-
U have shown the presence of Ar3+ ions in the outer-core
region, in addition to Ar1+ ions [27]. Therefore, for simplicity,
gyrokinetic simulations are carried out in the outer-core region
by considering only the Ar1+ impurity ions alongwith the bulk
plasma comprising thermal ions and electrons. The density of
the impurity ions is related to bulk plasma density through
the quasi-neutrality condition Zini +Zznz = ne, where Zz and
nz are the charge and density of Ar1+ ions. Figure 6 shows
the growth rate of electrostatic fluctuations near the outer-core
region ψ ∼ ψX for different concentrations of Ar1+. As the
concentration of Ar1+ increases, the growth rate decreases,
following almost a linear trend. Figure 7 shows the variation
of the electron and ion diffusivities (De, Di) and heat conduct-
ivities (χe, χi) computed near the outer-core region for dif-
ferent concentrations of Ar1+. The transport decreases as the
concentration of the Ar1+ increases, following almost a lin-
ear trend. It is worth mentioning that the impurities affect the
ITG and TEM-driven turbulence differently. For the ITG tur-
bulence, the effect of impurities on turbulence is mainly attrib-
uted to the change in instability drive due to the dilution of
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Figure 6. The variation of the linear growth rate of the instability
with the concentration of Ar1+ near the outer-core region. The
concentration of Ar1+ is presented in percentage relative to the
electron density (

n
Ar1+

ne
× 100).

main/thermal ions [68, 69] or due to the increase in E⃗× B⃗ shear
[5]. However, for TEM turbulence, the effect of impurities is
complicated, which enters through the quasi-neutrality condi-
tion and the dispersion relation [70–72].

The reduction in the turbulent fluctuations and transport in
the outer-core region accompanied by the presence of Ar1+

impurity ions reduce the radial outward heat and particle
fluxes. This modifies the radial density profile by increasing
the electron density at a specific spatial location, i.e. an inter-
mediate region between the edge and core. The density pro-
file becomes more flatter in the core region, consequently the
gradients in the region r∼ [0.7,0.9]a slightly increase. The
flattened density profile after argon seeding has a lower dens-
ity gradient. This leads to a much weaker instability drive for
the TEM, and thus, the TEM gets stabilized in the innermost
region for the case after argon gas seeding. Stabilization of
TEM in the core results in the increased plasma temperature
in the core. To strengthen the idea presented in this work, the
integratedmodeling of the plasma turbulence [73–75] is neces-
sary, which requires coupling the gyrokinetic codes with the
transport codes for the evolution of the plasma profile in the
presence of impurity.

Furthermore, other than argon, neon is also used as an
impurity in ADITYA-U experiments [76]. The gyrokinetic
simulations (not described here) show a similar effect on tur-
bulence and transport. However, from an experimental per-
spective, the observed differences in increasing the plasma
temperature by different impurities could be due to the
change in collisionality due to different masses of neon
and argon. Such possibilities could be addressed in future
work.

In this work, the radial electric field is not considered in
the simulations, which can significantly affect the turbulence.
In the earlier ADITYA-U experiments, the radial electric field
is determined by toroidal rotation [77]. However, the meas-
urements of the toroidal rotation are not available for the gas
seeding experiments. Argon seeding experiments in EAST

Figure 7. The variation of the ion (solid lines) and electron (dashed
lines) heat conductivity (red lines scaled with the y-axis on the right)
and diffusivity (blue lines scaled with the y-axis on the left) with the
percentage concentration of Ar1+ ions relative to the electrons near
the outer-core region. The diagnosis is made at ψ ∼ ψX.

tokamak [6] have shown an increased central ion temperat-
ure due to the reduction in turbulence and an increased tor-
oidal rotation, which in turn increases the E⃗× B⃗ shear. Future
work could address such possibilities by developing more dia-
gnostics in ADITYA-U tokamak.

5. Conclusions and discussion

To summarize, in this work, the effect of impurities on the
electrostatic microturbulence in ADITYA-U tokamak is stud-
ied using global gyrokinetic simulations. Gyrokinetic toroidal
code (GTC) is used to analyze the experimental discharge
#34528 of ADITYA-U with the realistic geometry and experi-
mental plasma profile, before and after argon gas seeding. The
simulations show the turbulence activity in the three distinct
regions on the radial-poloidal plane. The dominant instabil-
ity is found to be TEM-driven instability depending upon
the linear eigenmode structure which propagates in the direc-
tion of electron diamagnetic drift. Nonlinear simulations show
the turbulence spreading away from the location of the linear
eigenmode structure and illustrate the radially global nature
of the turbulence. The self-generated zonal flow plays a vital
role in regulating the transport due to TEM. The eigenmode
structure in the outer-core region is thinner and shows a sig-
nificant reduction in the linear growth rate of the fluctuations
and nonlinear transport due to TEM after including the Ar1+

impurity ions in the gyrokinetic simulations in addition to the
thermal ions and electrons. Further, the simulations for the
varying concentration of Ar1+ show that the linear growth rate
of the instability and nonlinear transport decreases almost lin-
early with the Ar1+ concentration. The reduced turbulent fluc-
tuations and transport in the outer-core region due to argon
impurity seeding leads to the decrease in the radial flux of heat
and particles in the outer region, which reflects in the flatten-
ing of the plasma density profile in the core in contrast to the
situation before argon seeding. This leads to the stabilization
of TEM in the innermost region due to the vanishingly small
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density gradient, which acts as a primary drive for the TEM
instability. Stabilization of TEM instability in the core leads to
the increase in central ion and electron temperatures by∼10%.
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